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ABSTRACT

This study focused on the investigation of how solar wind energy is deposited into the
magnetosphere-ionosphere system during sudden enhancements of solar wind dynamic pressure
(Pgy), using the coupled OpenGGCM-CTIM 3D global magnetosphere — ionosphere —
thermosphere model. Three unique events of solar wind pressure enhancements that occurred
during negative, near-zero, and positive IMF B, were simulated. Then, the behavior of the
dayside and nightside reconnection rates were examined, and their respective contributions to
Cross Polar Cap Potential (CPCP), a proxy of ionospheric plasma convection strength, were
quantified. The modeled CPCP increased after a Py, enhancement in all three cases, which agrees
well with observations from the Defense Meteorological Satellite Program (DMSP) spacecraft
and predictions from the Assimilative Mapping of Ionospheric Electrodynamics (AMIE)
technique. In the OpenGGCM-CTIM model, dayside reconnection increased within 9-13 minutes
of the pressure impact, while nightside reconnection intensified about 13-25 minutes after the
pressure increase. As the strong Pj, compresses the dayside magnetosheath and, subsequently,
the magnetotail, their magnetic fields intensify and activate stronger anti-parallel reconnection on
the dayside magnetopause first and near the central plasma sheet second. For southward IMF,
dayside reconnection contributes to the CPCP enhancement two to four times more than
nightside reconnection. For northward IMF, the dayside contribution weakens, and nightside
reconnection contributes more to the CPCP enhancement. It was found that high-latitude
magnetopause reconnection during northward IMF produced sunward ionospheric plasma
convection, which decreases the typical dawn-to-dusk ionosphere electric field. This results in a

weaker dayside reconnection contribution to the CPCP during northward IMF.

1

Approved for public release; distribution is unlimited.




1. INTRODUCTION

Recent studies have established that sudden enhancements of solar wind dynamic
pressure (Py,) result in intense magnetosphere-ionosphere interactions, indicating that Pg,
enhancements can be a significant driver to transport solar wind energy into the magnetosphere-
ionosphere (MI) system. The MI responses to strong solar wind pressure include auroral oval
expansion [Lyons, 2000; Zesta et al., 2000; Boudouridis et al., 2003, 2005], polar cap area
reduction [Boudouridis et al., 2003, 2004b, 2005], enhanced transpolar potential [Boudouridis et
al., 2004a, 2008b; Ober et al., 2006, 2007] and fast ionospheric plasma convection [Boudouridis
et al., 2007, 2008a, 2011].

It has been inferred that during periods of strong solar wind pressure, magnetic
reconnection intensifies in both the dayside and the nightside magnetosphere. Boudouridis et al.
[2007, 2011] analyzed the ionospheric convection patterns using Super Dual Auroral Radar
Network (SuperDARN) observations, and showed that the dayside ionospheric flow velocities in
the vicinity of the expected dayside open-closed boundary (separatrix) location significantly
increase within four minutes of the sudden enhancement of solar wind pressure, indicating strong
magnetopause reconnection after the pressure impact. In addition, Boudouridis et al. [2011]
observed a significant increase of the nightside ionospheric flow velocities 10—15 minutes after
the Pj,, impact, which implies intense nightside reconnection. Particle precipitation data from the
Defense Meteorological Satellite Program (DMSP) and auroral images from the Polar Ultra
Violet Imager (UVI) [Lyons, 2000; Zesta et al., 2000; Milan et al., 2004b; Hubert et al., 2006b,
2009; Boudouridis et al. 2003, 2004b, 2008a] show that the high-latitude auroral oval boundary
moves poleward across the nightside region during strong solar wind pressure enhancements.
This open flux reduction on the nightside magnetosphere is a direct indication of magnetotail
reconnection enhancement.

Although previous studies have provided evidence of intensification of dayside and
nightside reconnection, the following fundamental questions are still unanswered: (1) how the
reconnection rates vary throughout the Py, enhancement, (2) which physical process causes the
reconnection rate increase, and (3) how strongly they contribute to the ionospheric convection
enhancement that is simultaneously observed. Due to poor data coverage of satellite and ground
observations throughout the entire MI system, these questions cannot be solved solely by

2
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observations. This research work addressed these open questions using the three-dimensional
global magnetosphere—ionosphere—thermosphere model, the Open Geospace General Circulation
Model — Coupled Ionosphere Thermosphere Model (OpenGGCM-CTIM).

The magnetosphere-ionosphere responses to three P, enhancement events that occurred
during negative, near-zero, and positive IMF B, were simulated. Zesta et al. [2000] and
Boudouridis et al. [2003; 2011] have investigated these events using ground magnetometer,
DMSP, SuperDARN, and Polar UVI observations. We compared such observations with our
model simulations of these events. The model-data comparison was conducted in a qualitative
way to test whether the simulations follow general trends of the observations. Once a good
agreement of the simulation results with key observations was achieved, the full 3D global
model results were used to investigate reconnection patterns in the dayside and nightside
magnetosphere and quantify their relative importance to ionospheric convection. The
simulations compensate for the limited coverage of observations and provide insight into the

physical cause of observed MI coupling effects.

2. METHODOLOGY

2.1 OpenGGCM-CTIM model

OpenGGCM-CTIM is a three-dimensional coupled magnetosphere—ionosphere—
thermosphere model. It divides the Earth's geospace system into three regions, the
magnetosphere, the MI coupling zone, and the ionosphere-thermosphere system, and applies
different calculation strategies based on the main physical process of each region.

OpenGGCM calculates plasma behavior in the outer magnetosphere by solving resistive
MHD equations as an initial-boundary-value problem. The inner boundary of the magnetosphere
is located at 3—4 Rg from the center of the Earth, and its outer boundary extends to the
OpenGGCM simulation box. The X range of the simulation box extends from 20-30 Rg sunward
to 600-2000 Rg anti-sunward, and its Y/Z range is from -48 to +48 Rg. The simulation box is
spacious enough to cover the whole magnetosphere and its surrounding environments such as
bow shock and magnetosheath. In particular, the size of the simulation domain ensures super-
magnetosonic velocities on all outer boundaries. This ensures that all flow characteristics are

3
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either inward (on the sunward side) or outward (on all other sides) so that the boundaries create
no unwanted perturbations. The numerical grids are non-uniform Cartesian grids with small grid
spacing (~0.1-0.2 Rg) near the dayside magnetosphere and near Yg,=Z,,=0, where magnetic
reconnection is expected to occur. OpenGGCM uses solar wind conditions from ACE, WIND, or
Geotail spacecraft as input, and provides number density, velocity, plasma pressure, and
electromagnetic fields as output.

The MI coupling regime extends from the ionosphere to the inner boundary of the MHD
calculation, at ~3.5 Rg from the Earth center. In this region the MHD equations are not solved,
but relevant quantities such as field aligned currents (FAC) and the electric potential are mapped
back and forth between the magnetosphere and the ionosphere. Also, electron precipitation
parameters are computed from magnetosphere parameters and mapped to the ionosphere, where
they are used in CTIM. The OpenGGCM assumes a two-dimensional electrodynamic ionosphere
and uses an ionospheric potential equation as a function of Field Aligned Currents (FACs) and
ionospheric conductance by assuming that the FACs generated from the solar wind—
magnetosphere interaction should be closed in the ionosphere [Raeder et al., 1998, 2001; Raeder,
2003]. To calculate the electric potential, OpenGGCM obtains FACs from the inner boundary of
the magnetosphere, and maps them to the ionosphere along the dipole magnetic field lines.
Ionospheric conductance is obtained from CTIM, which is a three-dimensional dynamic model
of the ionosphere-thermosphere system that self-consistently solves both neutral and ion fluid
equations from 80 km to several 1000 km in altitude, providing realistic ionospheric conductance
to OpenGGCM. Finally, the OpenGGCM maps the obtained electric potentials back to the inner
boundary of the magnetosphere, and uses them to provide the magnetospheric plasma flow
boundary conditions on that boundary, closing the electrodynamic MI coupling cycle originally
developed by Vasyliunas [1970] and Wolf et al. [1975, 1983]. More detailed information about
the OpenGGCM and CTIM models can be found in Raeder et al. [2001, 2003, 2008] and Fuller-
Rowell et al. [1996].

2.2 Calculation of reconnection rates
Under the assumption of a quasi-static magnetosphere, the dayside and nightside
reconnection rates (@p and ®Py) are given by the integral of Edl along the dayside and
nightside Open-Closed field line Boundary (OCB), where electric field E is Vi=Vo)*B and ai
4
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is an infinitesimal distance along OCB. V};, and V,, are the normal velocity of the OCB and the

velocity of the ionospheric plasma flow perpendicular to the OCB, respectively. Thus,
®=| (V,-V,)xB-dl (1)
The term Vs~V

E=(V,~V,)xB

» 1indicates the ionospheric flow in the OCB moving frame of reference.

is therefore the ionospheric electric field in the OCB moving frame of

reference which should be equal to the electric field at the distant merging site assuming no field

aligned potential drops and no inductive electric fields. If the OCB is stationary (i.e. V,=0 ) then
the reconnection rate is equivalent to the electrostatic potential along the OCB. This calculation
method is adopted from previous observational and theoretical studies on merging rates [de La
Beaujardiere et al., 1991; Blanchard et al., 1996; Ober et al., 2001, 2007; Hubert et al, 2006a].

To obtain the open-closed field line boundary, the magnetic field lines from every
ionospheric grid point through the magnetosphere were traced. The ionosphere grid resolution
was 3°x 0.5° in magnetic longitude and latitude, respectively. The tracing was stopped when the
field line returned to the inner boundary of the magnetosphere, when it reached the outer
boundary of the simulation box, or when its length exceeds 1,000 Rg. If a field line reached the
inner boundary, it was considered to be as a closed field line; otherwise, it was assumed to be an
open field line. The ionospheric grids connected to closed and open field lines were marked with
-1 and 1, respectively. The zero contour of those grids is the OCB. To determine the dayside and
nightside open-closed field line boundary, the ionospheric electric potentials were calculated
along the OCB from the OpenGGCM-CTIM results and selected the locations of maximum and
minimum potentials which appeared at the dawn and dusk sectors, respectively. The dayside
OCB was the region from maximum to minimum potentials that crossed the dayside ionosphere,
and the nightside OCB was the remainder.

In order to obtain the dayside reconnection rate, c the first term of the reconnection rate
integral, .[ V,xB-dl = was calculated by measuring the open flux per unit time crossing the

dayside open closed field line boundary and the second term, ‘j V,xB-dl by obtaining the
electric potential difference along the dayside OCB. The same procedure was applied for the
calculation of nightside reconnection rate except that the two nightside integrals were measured
along the nightside OCB. No potential drop along the magnetic field lines was assumed. Under

this assumption, the electric potential across magnetospheric reconnection lines was projected to
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the ionosphere. However, the numerical model solves the MHD equations on a grid, such that the
discretization may introduce non-physical parallel electric fields along the field lines. Due to this
numerical artifact, the reconnection rates calculated from ionospheric variables may not exactly
match the reconnection rates in the magnetosphere. The numerically induced potential drop
ranged a few kV to ~10 kV in the model, while the reconnection rate varied from several tens to
hundreds of kV. Thus, the potential drop between the reconnection line and the ionosphere was
minimal, compared to the reconnection rate, and therefore any mismatch between the
magnetospheric and ionospheric electric potentials could be neglected for the purpose of this
study.

2.3 The relation between reconnection rates and CPCP
This work investigated the balance of dayside and nightside reconnection rates and their
relative contribution to a dramatic increase of ionospheric flows that occurs immediately
following a sharp magnetospheric compression. To explain such a relation, the cross polar cap
potential (CPCP) as a proxy of the ionospheric convection strength was adopted, and fitted the
model results to the CPCP equation of the Expanding and Contracting Polar Cap (ECPC) model
[Lockwood, 1991; Lockwood and Cowley 1992]:
®pep=Cp @ +C\ @, +D, ()
where ®cpcp is a transpolar potential, @y is the viscous-like potential, and ®p (Dy) is the electric
voltage caused by dayside (nightside) reconnection. Cp and Cy are regression coefficients of the
dayside and nightside merging rate, respectively. These coefficients have been considered as
weight factors that quantify the relative contribution of merging rates on the CPCP enhancement
[Lockwood et al., 2009; Gordeev et al., 2011]. Note that in steady-state, when the dayside and

nightside OCB motion is zero, Po=Pxn=Pcece = Pv and then the regression coefficients are

Cp=Cy=0.5  Therefore, any difference of the coefficients from 0.5 could be interpreted to
indicate departures from steady-state and then they would also represent the relative
contributions of the two reconnection rates to the CPCP.

This work defined the CPCP to be the difference between the maximum and minimum
ionospheric potentials. CPCP was produced by the combined effect of reconnection and viscous
interaction. Assuming that the potential difference along the OCB (APocsg) is driven by magnetic
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reconnection, the viscous-like potential (@Dy) becomes @,=CPCP-APyy A multiple linear
regression was used to fit the model results of reconnection rates and viscous potential to the

above CPCP equation, and to obtain the regression coefficients that give the best fit results.

3. CASE STUDIES

3.1 Event 1: 10 January 1998

The first event occurred during the recovery phase of a geomagnetic storm on January 10,
1997. The top four panels of Figure 1 show IMF, solar wind speed, number density, and dynamic
pressure obtained from the OMNI data during this event. The solar wind pressure increases from
2 to 6 nPa for 20 minutes while IMF stays southward. The vertical thick black line represents the
arrival of a strong pressure front at the nose of the magnetopause. Previous studies of this event
[Lyons, 2000; Zesta et al., 2000; Boudouridis et al., 2003; Boudouridis et al., 2005] have shown
auroral oval expansion, polar cap closure, and enhanced CPCP.

The OpenGGCM-CTIM model simulated the magnetosphere—ionosphere responses to
this event using solar wind parameters as input. Figure 1.e shows the polar cap area obtained
from our model. After a few minutes of slight expansion near 11:00 UT, the modeled polar cap
area continuously shrinks until 11:27 UT. Polar UVI Imager [Zesta et al., 2000] and DMSP SSJ/4
instruments [Boudouridis et al., 2003] also observe the polar cap closure after the pressure
impact, agreeing with our model results.

Figure 1.f displays the cross-polar-cap potentials obtained by OpenGGCM-CTIM (blue
line), Assimilative Mapping of lonospheric Electrodynamics (AMIE) technique (green line) and
DMSP spacecraft (red dots). The red horizontal lines represent the time periods for the spacecraft
to estimate each CPCP value. DMSP satellites obtain a transpolar potential by integrating
measured electric fields along the satellite trajectory that crosses the entire polar region. Thus,
they provide an averaged picture of the CPCP and may miscalculate its magnitude if the DMSP
orbit misses the center of the ionospheric potential pattern.

To compensate for this limitation, AMIE predictions of transpolar potential were used as
additional data source for model-data comparison. The AMIE technique estimates the entire

ionospheric electrodynamics, such as electric potentials, conductances, and currents, by
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assimilating the observations from radar, ground magnetometer, and low-orbiting satellites.
During intervals of good data coverage, AMIE provides reasonable electric field maps with an
uncertainty of ~30% [Knipp and Emery, 1997]. The AMIE data presented in this study were
calculated from 115 ~ 135 ground magnetometers and downloaded from
http://vmr.engin.umich.edu/Model/_amie/.

Both, the DMSP and AMIE data were used to understand the general trend of CPCP and
to test our model results. In Figure 1.f, DMSP data showed CPCP enhancement from 120 to 220
kV after the pressure impact, while AMIE shows a similar CPCP response although its
magnitude is lower than the DMSP data. The model also showed a CPCP increase from 140 to
200 kV after the pressure change. Although the CPCP magnitudes were different, all the DMSP,
AMIE, and OpenGGCM-CTIM data consistently and clearly show the enhancement of the
transpolar potential after the pressure impact.

Difference of CPCP values from different data sources have been noticed in the previous
studies. Kihn et al. [2006] showed that AMIE produces higher transpolar potentials than DMSP
spacecraft if ground magnetometer data are used as the only input for AMIE. Slinker et al. [1999]
and Raeder [2005] found that MHD models tend to predict higher CPCP than AMIE. In spite of
the difference in CPCP magnitude, these studies showed a reasonable correlation between the
DMSP and AMIE data and between the AMIE and MHD data, supporting that our qualitative

model-data comparison with these CPCP data are reliable.
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Figure 1. The OMNI solar wind data (a-d) and the OpenGGCM-CTIM results (e-h) on January 10, 1997. The top
tfour panels show IMF, solar wind plasma speed (Vy,, ), number density (N, ), and dynamic pressure (P, ). The bottom
four panels represent the polar cap area, cross polar cap potential, reconnection rates, and magnetosheath magnetic
tields obtained from the OpenGGCM-CTIM model. The red dots and horizontal lines in Figure 1.f represent DMSP
transpolar potentials and the observation periods for the satellites to measure each CPCP. The blue and green lines in
Figure 1.f show the cross-polar-cap potentials predicted from OpenGGCM-CTIM and AMIE. The red and blue lines
in Figure 1.g are the reconnection rates of dayside and nightside magnetosphere, respectively. The thick vertical lines
indicate when the Py, enhancement arrives at the nose of the magnetopause, and the thin vertical lines represent the

times selected for the magnetosphere plots. All magnetic field vectors are in the GSE coordinate system.
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Figure 1.g shows the reconnection rates of OpenGGCM-CTIM. These rates were
calculated based on the method presented in section 2.2. The dayside reconnection rate (Pp)
reacts first to the Py, enhancement, increasing from 60 to 160 kV within a few minutes after the
pressure change. The polar cap expands near ~11:00 UT due to the enhanced dayside
reconnection rate (see Figure 1.e). The nightside reconnection rate (®y) reached its maximum
value at 11:09 UT, ~9 minutes later than the dayside reconnection rate. The magnetotail
reconnection became stronger than the magnetopause reconnection during 11:05 ~ 11:27 UT. As
a result, the polar cap area decreased continuously until the next, relatively weak pressure
enhancement hit the dayside magnetosphere at 11:27 UT.

To understand why magnetopause reconnection intensifies during a Pj,, enhancement, the
magnetic fields of the magnetosheath in Figure 1.h are displayed, which were obtained from the
model results at 1 Rg sunward from the magnetopause nose. Although the IMF magnitude was
steady during that time (black line in Figure 1.a), the total magnetic field of the magnetosheath
(black line in Figure 1.h) jumped up to 85 nT in response to the solar wind pressure increase. The
total magnetosheath field dropped quickly as the Pj, decreased at ~11:07 UT, and enhanced
again as the Py, slightly increased at 11:27 UT, so it varied in phase with Py,. Thus, the sudden
increase of solar wind dynamic pressure compressed the magnetosheath total magnetic field,
which in turn increased the reconnection rate. This increase is analogous to the well-known pile-
up reconnection first discussed by Parker [1973] and Sonnerup [1988]. As a result, stronger
magnetosheath fields drape over the dayside magnetopause, activating more intense anti-parallel
reconnection and thus increasing the dayside merging rate [see Dorelli et al., 2004].

Figure 2 displays the magnetosphere noon-midnight meridian plane during this event, and
examines the dynamics of different variables. The dynamic pressure (Pg4), X component of
velocity (V) in Geocentric Solar Ecliptic (GSE) coordinate system, total magnetic field (IBI),
and X component of the magnetic field (By) in GSE coordinate system are plotted from left to
right. We display the model output with a time resolution of 10 minutes from 10:50 to 11:30 UT
as demonstrated from top to bottom of each column in Figure 2. The thin vertical lines in Figure
1 correspond to the timing of each column of Figure 2.

Figure 2.a and 2.b show the magnetosheath compression due to the sudden enhancement

of the solar wind dynamic pressure. The nose of the bow shock moves from X, = 17 to 11 Re at
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11:00 UT. This compression intensifies the total magnetic field of the magnetosheath and
strengthens magnetopause reconnection. Figures 2.c and 2.d show the magnetosphere state when
the solar wind pressure decreases to ~1 nPa, after the first compression, and when the bow shock
location moves out to X, = 24 Rg at 11:20 UT. Because of the magnetosheath expansion, both
the total magnetosheath field and dayside merging rate weaken at that time. The magnetosheath
is compressed again at 11:30 UT when the smaller pressure enhancement arrives at the dayside
magnetopause (See Figure 2.e). The bow shock moves back to X, = 22 Rg, which leads to the
slight increase of the magnetosheath fields and of the dayside merging rate.

Figure 2.c, 2.d, and 2.e show that the sudden increase of solar wind pressure also affects
the nightside magnetosphere. The pressure front reaches the near-Earth magnetotail (Xg, from -
20 to -40 Rg) at 11:10 UT, and propagates to the distant tail (X, < -80 Rg) at 11:20 and 11:30
UT. As the pressure compresses the magnetotail, the magnetic field By near the central plasma
sheet increases in both lobes. This leads to a stronger anti-parallel reconnection near X, = -30
Rg with faster earthward flows, as evidenced in the V, panel. At 11:30 UT, the Pj, enhancement
disappears to the very distant magnetotail. As a result, the near-Earth magnetotail expands and its
magnetic field decreases. The earthward plasma speed also reduces to ~ 200 km/s, as a result of
weaker nightside reconnection.

The compression by the P, enhancement intensifies magnetic fields of the
magnetosheath and near the central plasma sheet, increasing dayside and nightside reconnection
rates, respectively. Based on Figure 2.b and 2.c, the Pj, front takes about 10 minutes to move
from the dayside to the nightside magnetosphere. This explains why the nightside reconnection
responds to the pressure impact ~9 minutes later than the dayside reconnection. The polar cap
area thus expands for a short time period after the pressure impact due to the enhancement of

dayside merging rate, but it soon closes when the nightside reconnection rate becomes dominant.
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Figure 2. The OpenGGCM-CTIM magnetosphere plots during 10:50 — 11:30 UT on January 10, 1997. Each column
represents from left to right the dynamic pressure (P,,), X,,, component of plasma velocity (V,), total magnetic field
(Bl), and X,,, component of magnetic field (B,) on the noon-midnight meridian plane.

3.2 Event 2: 30 April 1998
The second event occurred on April 30, 1998 during nearly zero IMF B, and B.. The top

four panels of Figure 3 show IMF (in GSE coordinates), solar wind plasma speed, number
density, and dynamic pressure observed by the WIND spacecraft. The solar wind data were time-
shifted to account for the solar wind propagation from the WIND location to the nose of the
magnetopause. At 09:25 UT, a shock impacted the magnetosphere. Solar wind number density
and velocity abruptly increased, intensifying the solar wind dynamic pressure from 2 to 12 nPa.
The IMF pointed southwest for the first 2 hours of the Py, enhancement, and turned northeast
after 11:30 UT. The major difference between this event and the previous one is that Py,
12

Approved for public release; distribution is unlimited.



remained increased for several hours during relatively weak IMF conditions, so it was a step
change rather than a pulse.

The bottom four panels of Figure 3 show the polar cap area (area of open flux), transpolar
potential, dayside and nightside reconnection rates, and magnetosheath fields calculated from the
simulation of this event in the same format as in Figure 1. The blue line, green line, and red dots
in Figure 3.f represent the time series of the CPCP calculated from the simulated data, AMIE,
and DMSP observations, respectively. Similarly, the red horizontal lines in Figure 3.f represent
the amount of time a full crossing of the auroral oval is completed by a DMSP satellite in order
for a single value of CPCP to be calculated. As it was noted above, each single CPCP value
represents an average of the transpolar potential for the time period indicated by the red lines.

The modeled polar cap expanded continuously during the first two hours of Py,
enhancement (Figure 3e). Most of this time, IMF was weakly southward (-2 to -3 nT in the solar
wind and -10 to -20 nT in the magnetosheath). The total magnetosheath field intensified when
the shock arrived, as expected. As a result, dayside reconnection significantly increased and the
polar cap area opened. At 11:30 UT, the magnetosheath field turned northward. Dayside
reconnection weakened, and nightside reconnection played a dominant role in the MI system,
which lead to a polar cap closure.

Reduction of open flux area and polar cap size after the solar wind pressure
enhancements has been observed in several studies [Zesta et al., 2000; Boudouridis et al., 2003,
2004b, 2005; Hubert et al., 2006b, 2009; Milan et al., 2009]. Depending on the IMF conditions,
the closing happens only on the nightside and flank regions or over the whole Magnetic Local
Time (MLT) locations including the dayside area [Boudouridis et al. 2003 and 2004b]. For this
event, Boudouridis et al. [2004b] measured the poleward boundaries of auroral precipitation
from a total of 16 DMSP satellite crossings over the pole region, and estimated the polar cap
boundary motion after the Py, impact. Due to the poor data coverage on the dayside ionosphere,
they could not identify the dayside boundary motion, but observed that the nightside polar cap
boundary moves poleward after the Py, enhancement. This indicates closing of the nightside

polar cap.
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Figure 3. The WIND spacecraft measurements of solar wind conditions (a-d) and the OpenGGCM-CTIM results (e-
h) on April 30, 1998. The WIND data are time-shifted to account for the solar wind propagation from the satellite

location to the magnetopause nose. See descriptions of Figure 1 for more details.
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The polar cap area is not a straightforward metric for the purpose of model-data
comparison, due to the lack of complete MLT coverage of observations at the OCB, and the non-
smooth OCB produced by the model simulations. Boudouridis et al. [2004b], for this same event,
estimated the poleward boundary based on only a few data points observed at different times
between 09:40-11:25 UT. Our model simulations produced very complicated polar cap
boundaries during this observation period. Although the one-to-one comparison is difficult, our
model showed an increase of the nightside reconnection rate during 9:25-9:50 UT and 10:20—
10:45 UT (see Figure 3g). This indicates that the polar cap closes, at least on the nightside, twice
in our model during the DMSP observation time. Hence, while our model indicated overall
opening of the polar cap area, it did capture correctly some of the observational elements, and
more than likely the balance between dayside and nightside reconnection rates may be different
in the simulation environment than in the actual observations.

Unlike the motion of polar cap boundary, the CPCP showed excellent agreement between
the model output and DMSP observations (see a blue line and red dots in Figure 3.f),
demonstrating that our simulation provides a realistic response of ionospheric convection. The
modeled CPCP increased to ~90 kV at 10:05 UT, after the compression, and then slowly
decreased to ~50 kV for the next several hours, even though the solar wind dynamic pressure
remained at high levels. DMSP observations showed similar CPCP increase from 35 to 70 kV at
10:20 UT and its subsequent decrease to 50 kV at 12:00 UT. Although predicting lower CPCP
values than DMSP, AMIE produced a qualitatively similar CPCP response and confirmed that
the DMSP transpolar potentials were reliable.

Figure 3.g shows the reconnection rates of OpenGGCM-CTIM. The dayside reconnection
rate increased from 20 to 90 kV within 10 minutes after the P, increase. After this sudden rise,
the rate slowly decreased for the next three hours. Unlike the first event, this was a shock, so the
sharp solar wind dynamic pressure jump was accompanied by a similar increase in the IMF
magnitude. Both of those contribute to a significant magnetopause reconnection increase,
although we were not able to identify which parameter (Py, or IMF) contributes more to the
enhancement of dayside reconnection.

The nightside merging rate showed a more complex response than in our previous event.
After the pressure impact, it exhibited three consecutive enhancements with local maximum at

09:50, 10:40, and 11:45 UT, the first peak occurring ~15 minutes after the dayside reconnection
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peak. To understand the nightside dynamics, snapshots of the modeled magnetosphere at 09:24,
09:38, 09:54, 10:10, 10:28, 11:08, and 11:38 UT were displayed from top to bottom in Figure 4.

The timing of each snapshot is also shown as a thin vertical line in Figure 3. Each column of

Figure 4 represents, from left to right: the dynamic pressure ( Loy =pv’ ), plasma pressure
( P I,=nkT ), X¢se component of plasma velocity (Vy), and X, component of magnetic field (B,)
on the noon-midnight meridian plane.

The top three rows of Figure 4 show the magnetosphere before and right after the
pressure impact. At 09:24 UT, the pressure front has not yet reached the dayside magnetopause.
Our model observed magnetotail reconnection near Xz, = -18 Rg evidenced by the oppositely
directed fast plasma flows there. At 09:38 UT, the pressure front moves to the near-Earth
magnetotail. The fast earthward flow of the prior instance significantly reduced now, indicating
that the previous nightside reconnection subsides. As the Py, compressed the magnetotail at
09:38 UT, the central plasma sheet stretched out into the more distant tail, as evidenced by the
intensification of plasma pressure along the X axis in Figure 4.b. At the same time, the magnetic
field By increased in both the northern and southern magnetotail lobes. At 09:54 UT, the pressure
front has reached the distant tail, thus a broader region of the nightside magnetosphere was being
compressed and By near the central plasma sheet continued to increase. This initiated anti-
parallel reconnection near X, = -27 Rg, creating again fast earthward plasma flows.

The bottom four rows of Figure 4 show the magnetosphere after the strong pressure has
engulfed most of the magnetotail. At these times, the impact of solar wind pressure front
disappeared and the nightside magnetosphere adjusted to the new high pressure level. The
dayside merging rate stayed high until 11:30 UT and loaded solar wind field and plasma in the
magnetotail lobes. As a result, our model observed a plasmoid structure near Xy, = -25 Rg at
10:10 UT, and a thick and dense plasma sheet at 11:08 UT (see the plasma pressure in the third
columns of Figure 4.d and 4.f). When the magnetosheath field turned northward at the instances
of 10:28 and 11:35 UT, the nightside reconnection dominated and sent the previously piled-up
plasma back to the inner magnetosphere with strong earthward flows at 10:28 and 11:39 UT.

The magnetotail compression by the Py, enhancement produced the first peak of the
nightside reconnection rate at 09:50 UT. As the pressure maintained its strength for several
hours, the magnetotail adjusted to the new pressure strength, repeating the loading-unloading

process. This created the other nightside reconnection peaks at 10:28 and 11:35 UT, in Figure
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Figure 4. The OpenGGCM CTIM magnetosphere plots during 09:24 — 11:38 UT on April 30, 1998. Each column
displays from left to right the dynamic pressure (Pg,), plasma pressure (P,), X,, component of plasma velocity (V.),
and X,,, component of magnetic fields (B,) on the noon-midnight meridian plane. The times of each magnetosphere

plot are marked as thin vertical lines in Figure 3.
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3.3 Event 3: 12 October 2000

The last event was a shock that occurred on October 12, 2000 during northward IMF. The
top four panels of Figure 5 show the solar wind conditions observed by the Geotail spacecraft. At
22:29 UT, the solar wind pressure jumped from 1 to 6 nPa while the IMF magnitude increased
from 5 to 15 nT. The enhanced Py, and IMF were sustained for the next several hours, while the
IMF B, remained primarily northward with a strong positive By.

The bottom four panels of Figure 5 show the OpenGGCM-CTIM results. Due to the
enhancements of solar wind pressure and IMF magnitude, the total magnetosheath field
intensified. This lead to the increase of dayside reconnection rate and the opening of the polar
cap area at ~ 22:37 UT. The nightside reconnection rate showed two local peaks at 22:42 and
23:11 UT. As this rate exceeded the dayside reconnection rate starting at ~22:45 UT, the polar
cap area continuously shrinked. When the magnetosheath field turned slightly southward at
23:30 UT, the dayside reconnection abruptly increased and the polar cap area re-opened, as seen
in Figure S.e.

Figure 5.f shows the transpolar potentials obtained from the OpenGGCM-CTIM (blue
line), AMIE (green line) and DMSP (red dots for the 3 available DMSP passes). The modeled
CPCP jumped from 36 to 70 kV within a few minutes after the shock impact, and slowly
increased for the remainder of this period. The DMSP spacecraft do not observe the CPCP
increase during the pass centered at 23:02 UT because that orbit does not cross high-latitude
ionosphere (the highest latitude of this orbit is 75.87° magnetic latitude, while others are at least
over 79.84° magnetic latitude), thus missing the potential pattern peaks and severely
underestimating the CPCP. Over the following orbit centered at 23:50 UT however, DMSP did
record a significant increase in the CPCP, as that orbit crossed near the center of the potential
pattern (the orbit reaches up to 79.84° magnetic latitude). Due to the poor DMSP data
immediately after the compression, we focused on the AMIE data instead on a model-data
comparison. Both AMIE and OpenGGCM-CTIM observed significant CPCP enhancement up to
70 kV at 22:32 UT, the increase lasting for many hours after the initial compression as the P,
remained at high levels as well.

The reconnection patterns in Figure 5.g are also consistent with the responses of the
ionospheric plasma flows. This event has been studied before by Boudouridis et al. [2011], who

used the SuperDARN observations to show a dramatic enhancement of the dayside ionospheric
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flows at ~22:35 UT, immediately after the compression. The reconnection patterns that we
calculated and which are shown in Figure 5.g were consistent with the Boudouridis et al. [2011]
observations. The dayside merging rate from our simulation in Figure 5.g increased at ~22:37
UT, just when Boudouridis et al. [2011] observed the dayside flow enhancement. The nightside
reconnection rate from our simulation reached its first peak at 22:42 UT, and increases
significantly around 23:10 UT in Figure 5.g. This is also in complete agreement with the
Boudouridis et al. [2011] results, which observed the first enhancement of nightside flows at
~22:42 UT, and the spreading of the fast flow to a much broader region of the nightside
ionosphere during 22:54 —23:16 UT.

The dayside merging rate increases as the total magnetosheath field intensifies due to the
combined effect of P, and IMF enhancements. Therefore, for this event, the dayside
reconnection increase is not solely due to the P,, enhancement. The nightside merging rate
enhances as the strong solar wind pressure compresses the magnetotail. Figure 6 shows this
compression process. It displays the noon-midnight meridian of key magnetospheric properties
in a similar format as Figure 4. The five rows are single instances from 22:30 to 23:10 UT, 10
minutes apart. The dynamic pressure (Pgy), Xy component of plasma velocity (Vy), and X,
component of magnetic field (B,) are plotted in columns from left to right.

Figure 6.a and 6.b show the magnetosphere before and after the Py, enhancement. At
22:30 UT before the pressure impact, the nightside magnetosphere was quiet without fast plasma
flows. As the strong pressure compressed the near-Earth magnetotail at 22:40 UT, the magnetic
field B, increased in opposite directions near the central plasma sheet, initiating anti-parallel
reconnection near Xg.= -30 Re with fast earthward plasma flows. Figure 6.c, 6.d, and 6. show
compression of the distant magnetotail. At 22:50 and 23:00 UT, the velocity of the earthward
plasma flows reduced slightly from 630 km/s to ~500 km/s, and became more distributed along
the length of the tail, indicating nightside reconnection activity occurring along a significant
region of the tail between -30 and -80 Rg. The pressure front continued propagating downtail to a
further distant tail region, compressing the whole length of the magnetotail. As a result, the
magnetic field By increased from the near-Earth region to the very distant magnetotail,
generating intense magnetic reconnection at 23:10 UT, evidenced by the strong Earthward flows
in that instance. Thus, the Py, enhancement of this event compressed the magnetotail strong

enough to create two peaks of the nightside reconnection rate.
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Figure 5. The Geotail spacecraft measurements of solar wind conditions (a-d) and the OpenGGCM-CTIM model
results (e-h) on October 12, 2000. See descriptions of Figure 1 for more details.
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Figure 6. The OpenGGCM-CTIM magnetosphere plots during 22:30 — 23:10 UT on October 12, 2000. Each column
shows from left to right the dynamic pressure (P,), X, component of plasma velocity (V,), and X,, component of
magnetic fields (B,) on the noon-midnight meridian plane. The times of each magnetosphere plot are marked as thin

vertical black lines in Figure 5.

4. DISCUSSION AND CONCLUSION

4.1. The reconnection patterns during the sudden P, enhancement
Reconnection rates are difficult to estimate solely with observation because, to calculate
the merging rates, one needs to know the motion of open-closed field line boundary across all
MLT and the electric field potential patterns over the entire ionosphere. Previous studies of the
merging rates [Blanchard et al., 1996, 1997; @stgaard et al., 2005; Hubert et al., 2006a] have
estimated the OCB motions from 6300 A auroral emission measurements and IMAGE FUV
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images, and the ionosphere electric potentials from Sondrestrom, EISCAT, and SuperDARN
radar measurements. However, ground and space observations do not provide a complete
coverage of the ionosphere, and therefore the global merging patterns are difficult to obtain on a
single case basis (only empirical patterns can be reliably assembled). Under such conditions,
three-dimensional global magnetosphere—ionosphere—thermosphere modeling can complement
the observations.

In this work three events of sudden Py, enhancements using OpenGGCM-CTIM were
simulated, and compared the results with DMSP, AMIE, and SuperDARN measurements. Our
model produced, to a reasonable extent, the observed magnetosphere-ionosphere responses,
especially the transpolar potential enhancement. The modeled CPCP showed generally good
agreement with the DMSP observations and AMIE predictions.

The results obtained from our model showed that the dayside reconnection rate increases
~2 minutes after the P,,, enhancements and reaches its maximum within 9 — 12 minutes after the
Py, impact. Note that our reconnection rate is calculated based on the ionospheric values.
Considering that a typical Alfven wave transit time between the magnetosphere and the
ionosphere is ~2 minutes, reconnection at the dayside magnetopause intensifies immediately
following the arrival of Py, enhancements. The nightside reconnection rate reacts later than the
dayside rate, and takes 13 — 25 minutes to reach its maximum after the pressure change. The
response time scales generally match the timing of observed ionospheric convection
enhancements. The SuperDARN radar observations [Boudouridis et al., 2011] have shown a
dramatic increase of dayside ionospheric flows within 10 minutes of pressure impact and
nightside flow enhancements in 15 — 20 minutes after the impact, in agreement with our results
of the response of the dayside and nightside reconnection rates.

The dayside reconnection rate increases due to magnetosheath compression during strong
solar wind pressure. This compression strengthens magnetic fields in the magnetosheath,
intensifying anti-parallel reconnection on the dayside magnetopause, as predicted by theoretical
merging models [Parker, 1973; Sonnerup, 1988; Dorelli et al., 2004]. The first event on Jan 10,
1997 clearly shows this process. However, in the last two events on Apr 30, 1998 and Oct 12,
2000, it was difficult to isolate this effect because the solar wind pressure enhancements were
accompanied by an increase of total IMF magnitude, which in itself had the same effect on

dayside reconnection rate.
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The nightside reconnection rate intensified when strong solar wind pressure compressed
the magnetotail. The B, intensified in the northern and southern lobes due to this compression,
intensifying anti-parallel reconnection near the central plasma sheet. All three event studies
showed the enhancement of nightside reconnection rate due to the magnetotail compression.
After the compression front moved into the distant magnetotail, the nightside magnetosphere
behaved differently at each case, depending on whether the whole magnetosphere remained
engulfed in the region of high pressure (step increase) or not (pulse increase), and on the
concurrent IMF orientation.

On Jan 10 1997, the compression was a pulse and Py, decreased after the initial increase
to almost pre-increase levels, followed shortly afterwards by a smaller increase. The magnetotail
experienced both of these successive compressions and the nightside reconnection rate increases
after each compression and proportionally to the strength of each compression, all of that
occurring under strong southward IMF. On Apr 30 1998, the compression was a step increase
with the pressure remaining at high levels for many hours under very weak southward or near-
zero IMF. Under such conditions, the nightside magnetosphere repeats the loading-unloading
process as the enhanced dayside reconnection continuously loads the solar wind plasma into the
magnetotail lobes. On Oct 12 2000, the P;, enhancement was also a step increase lasting for
many hours under northward IMF. In this case the whole magnetotail gets compressed down to

the more distant magnetotail, dramatically increasing the nightside reconnection rate.

4.2. The relation between reconnection rates and the transpolar potential

To understand the relative importance of dayside and nightside reconnection on the CPCP
enhancement, we used the previously defined CPCP function of the Expanding and Contracting
Polar Cap (ECPC) model. This model introduces CPCP (@cpcp) as a function of dayside and
nightside reconnection rates (@p and @y) by assuming that the electric voltages across the
dayside and nightside reconnection lines are distributed along the open-closed field line
boundaries [Lockwood, 1991]. Later, the model added the viscosity effect (@y), to get the
equation Pipcp=Cp Pp+Cy Py+Py wwhere the Cp and Cy are regression coefficients of the
dayside and nightside reconnection rates [Lockwood and Cowley, 1992]. The regression
coefficients can be considered to be a weighting factor that quantifies the contribution of each

merging rate on the transpolar potential [Lockwood et al., 2009]. Here, we
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linear regression method to estimate the regression coefficients and determine which

reconnection dominates the CPCP, based on the above equation.
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Figure 7. The CPCP fitting results of all three events. The blue and green lines are the transpolar potentials obtained
from the OpenGGCM-CTIM and the multiple linear regression analysis, respectively. The upper right corner of each
panel displays the regression coefficients (C4and C,) and the correlation coefficient (CC) between the modeled and
fitted CPCPs.

One may question whether the regression coefficients explain a cause-effect relationship
between reconnection and CPCP because, if an equation is given, the multiple linear regression
method only provides correlation between any parameters regardless of their actual physical
relationship. However, dayside and nightside reconnection rates have been described as CPCP
contributors in previous publications [for example, Reiff et al., 1981; Boyle et al., 1997; Bristow
et al., 2004; Milan, 2004a; Milan et al., 2007; Lockwood et al., 2009]. Several experiments using
the ECPC model [Milan, 2004a; Lockwood et al., 2009; Gordeev et al., 2011] have demonstrated
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that its CPCP equation given above follows the general behavior of the transpolar potential better
than a CPCP equation without the nightside reconnection or viscosity term. Thus, there is good
literature support to the equation used in this work and to the idea that both reconnection rates
contribute to the CPCP and ionospheric convection on the whole. With this knowledge, the
application of regression coefficients as contribution factors is a reasonable first step to
understand the MI coupling dynamics. This work determined which type of reconnection
controls the CPCP based on the regression coefficients. The important caveat is that no prior
work has checked the accuracy of the assumed linear relationship between CPCP and the
reconnection rates. It is possible, and likely during dynamic transition of the magnetosphere such
as compressions, that the contribution of the reconnection rates to CPCP is not linear, but this is
subject for future work. Here, the focus was on the first order relationship and it was shown that

the results were physically realistic.

Next, the results were fitted to Pcece =C p @5 +C @\ +O, using a multiple linear
regression method, and obtained the regression coefficients which gave the best-fit results.
Figure 7 shows the fitting results (green lines) as well as the original transpolar potentials
obtained from the OpenGGCM-CTIM model (blue lines), for the Jan 10, 1997, Apr 30, 1998,
and Oct 12, 2000 events from top to bottom, respectively. The black vertical lines indicate the
pressure front impact on the dayside magnetopause for each event. In each panel, the regression
coefficients (Cp and Cy) and the correlation coefficient (CC) between the modeled and fitted
CPCPs are shown on the upper left corner for that event. The CC values of three events are
0.828, 0.720, and 0.858, indicating that the CPCP fit function we used provides a realistic
representation of the CPCP behavior in the OpenGGCM-CTIM results.

The first solar wind pressure enhancement event occurred on January 10, 1997 during
strongly southward IMF. The dayside reconnection coefficient (Cp) was 0.78, about four times
stronger than the nightside coefficient (Cy). The second event happened on April 30, 1998 while
IMF B, fluctuated around zero, but for the first two hours of the pressure increase, IMF B, was
mostly weakly southward. For this event, the dayside coefficient was about two times higher
than the nightside coefficient. These two event studied indicate that dayside reconnection
contributes to the CPCP more significantly than nightside reconnection when solar wind pressure
enhancement is accompanied by southward IMF. On the other hand, the last event on October

12, 2000 showed a higher nightside regression coefficient, suggesting that the magnetotail
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reconnection has relatively stronger influence on the CPCP enhancement during northward IMF.

The physical relationship between the CPCP and the reconnection rates under the
different IMF conditions were investigated by plotting the ionosphere convection patterns before
and after the P, impact in the left and right columns of Figure 8 for each of the three events. The
color contours, arrows, and thick black lines represent electric potentials, plasma flow vectors,
and the model determined OCB of the northern ionosphere, respectively. All three events are
displayed from top to bottom in Figure 8, showing that ionospheric potentials and plasma flow
speeds intensify after solar wind dynamic pressure increases.

Two cell convection patterns were observed for the first two events, as expected from
their southward IMF conditions (see the first two columns of Figure 8). When the P,
enhancement intensified the dayside reconnection rate, strong anti-sunward plasma flows across
the polar cap region were observed. The enhanced ionospheric flows were aligned along a line
from 14 to 02 MLT for the Jan-10-1997 event and from 12 to 20 MLT for the Apr-30-1998 event.
This anti-sunward plasma convection enhancement and the Earth’s dipole magnetic field create
the dawn-to-dusk electric fields, which intensifies the typical ionosphere electric field and in turn
enhances the transpolar potential.

On Oct. 12, 2000, the northeast IMF condition created dayside reconnection on the high-
latitude, duskside magnetopause. This reconnection produced both sunward and anti-sunward
plasma flows on the dayside ionosphere. The newly-merged, kinked open field lines convected
sunward due to the magnetic tension force. The ionospheric plasma was frozen-in with these
field lines, producing sunward flows in the 13 — 17 MLT regions (see the bottom rows of Figure
8). These flows created the dusk-to-dawn electric fields, which oppose the typical ionospheric
electric fields. As the field lines are drawn away from the reconnection sites, the magnetic
tension force reduces and the magnetosheath flow moves the field lines to the anti-sunward
direction. As a result, the ionospheric plasma flowed anti-sunward in 6 — 12 MLT regions,
producing the dawn-to-dusk electric fields. Thus, magnetopause reconnection during northward
IMF creates ionospheric convection to both increase and decrease the typical ionospheric electric
fields. This weakens the contribution of dayside reconnection on the CPCP. Conversely, intense
nightside reconnection during the Py, enhancement produces fast anti-sunward ionospheric flows
near 0 MLT, strengthening the dawn-to-dusk electric field and thus raising the transpolar

potential.
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This work has focused on the first-order relation between the CPCP and merging rates as
a first step to understand the MI coupling dynamics during sudden enhancements of solar wind
dynamic pressure. Although the ECPC model implies a linear response of CPCP to the
reconnection rates, previous studies [Hill et al., 1976; Nagatsuma, 2002; Hairston et al., 2003]
have demonstrated its non-linear nature by showing that, under extreme solar wind conditions,
the transpolar potential no longer linearly increases with solar wind driving, but saturates instead.
However, Boudouridis et al. [2004a] have shown that the Hill-Siscoe saturation model [Siscoe et
al., 2002] underestimates the transpolar potential for both before and after a sudden Py,
enhancement. Thus, modification of existing models is necessary to fill the gap between model
and observation. For future work, one must explore the complex behavior of MI dynamics by
identifying the parameters responsible for the non-linear activities and developing the CPCP

equation as a function of these parameters.
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Figure 8. The OpenGGCM-CTIM ionosphere plots before and after the P, enhancements. The top-to-bottom rows
show the ionospheric conditions on January 10, 1997; April 30 1998; and October 20, 2000, respectively. The color
contour represents electric potentials of the northern ionosphere. The thick black lines and arrows represent the open

closed field line boundary and the ionospheric convection vectors.
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5. SUMMARY

In this work the where, when, and how solar wind energy flows into the magnetosphere-
ionosphere system during sudden enhancements of solar wind dynamic pressure were
investigated. The main focus was on the behavior of dayside and nightside reconnection as well
as their relative importance on ionospheric convection enhancements by using CPCP as a proxy
of the ionospheric convection. A detailed model analysis showed that:

1. Dayside reconnection reacts directly to Ps, enhancements and reaches its maximum
rate within 9 — 12 minutes of the pressure impact. The event study on Jan. 10, 1997 showed that
the total magnetosheath field intensifies when the strong Ps, compresses the magnetosheath. This
initiates stronger anti-parallel reconnection on the dayside magnetopause.

2. Nightside reconnection rate reaches its maximum about 13 — 25 minutes after the
pressure increase. The strong Ps, front compresses the magnetotail and increases magnetic field
Bx near the central plasma sheet in opposite directions. This intensifies the magnetotail
reconnection.

3. For southward IMF, dayside reconnection contributes to CPCP enhancement 2 — 4
times more than nightside reconnection. On the other hand, for northward IMF, dayside
contribution weakens and nightside reconnection has more influence on the CPCP. High-latitude
reconnection on the dayside magnetopause under northward IMF produces sunward ionospheric
flows, creating a dusk-to-dawn electric field opposing and weakening the typical dawn-to-dusk
convection electric field applied to the ionosphere. This leads to a weaker dayside contribution

during northward IMF.
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